This paper investigates the microstructure, physical, chemical and mechanical of superhard nanocomposite of Ti-Hf-Si-N. The coatings were grown by C-PVD method. Profiles of elements and vacancy-type defects (S-parameter measurements of the Doppler broadening of the annihilation peak DBAP) in the studied coatings were investigated. Defined and calculated the elastic modulus E, hardness H, friction, adhesion. Wear rate was determined as a function of the bias potential supplied to the substrate and the pressure in the chamber. The developed coatings have hardness of 37.8 to 48 GPa, the friction coefficient of 0.48 to 0.15, the grain size of the solid solution from 3.9 to 10.8 nm (depending on deposition conditions). It was found that positrons are trapped by defects at the junction of three or more nanograins interfaces. In some cases, there was formed two phases in coatings: a solid solution (Ti, Hf)N with different volume content of Hf in a solid solution, and an amorphous phase α-Si 3 N 4 (the layer between the nanograins).
Introduction
It is well known that if the Si atoms add to TiN, a nanostructured nanocomposite coating Ti-Si-N is obtained, in which (at certain concentration of Si and N) two phases of TiN and SiN (Si 3 N 4 ) can be formed [1] [2] [3] [4] . In this case, the nanocomposite is very hard, the hardness values range from 40 to 50 GPa, and has an increased resistance to high temperatures up to 900˚C [1, 3] . In [5, 6] , we demonstrated that the addition of Hf or Fe in the TiN, leads to formation of a solid solution (Ti; Hf)N and to increase of hardness up to 48 GPa. And the doping of Fe into this system leads to formation of two and three phases in the coating, i.e. the nanocomposite is formed. Using cathodic physical vacuum evaporation of the TiHf-Si target, a nanostructured coating with high physical and mechanical properties can be formed. It will be demonstrated in this work. From the literature it is well known that if nanograins size of several nanometers, developed by one or two monolayer's of amorphous (or quasi-amorphous phase, such as BN, TiSi 2 , a-Si 3 N 4 ), the coating will demonstrate a superhardness 40 < H < 80 GPa [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . But such properties as the resistance to oxidation, high elastic modulus, and plasticity at the same time (non brittleness) are also of a great importance [16] [17] [18] [19] [20] [21] [22] [23] .
Experimental Details
Samples of Ti-Hf-Si-N composition were deposited on substrates made of steel (St.3 -0.3 wt% C, the rest is Fe) with polished surface of 20 mm diameter and 3 mm thick in a vacuum chamber with a vacuum in HF discharge, where a cathode made of sintered Ti 35 -Hf 18 -Si 13 was used. To obtain nitrides the accelerator chamber was filled with atomic nitrogen at different pressures (see Table 1 ).
A Cathodic-Arc-Vapor-Deposition "Bulat-3T" with HF generator [3, 5] was applied. Potential bias was applied to the substrate from the HF generator of pulsed damped oscillations with a frequency of <1 MHz. The duration of each pulse is of 60 µs, with a repetition rate of ~10 kHz. The amount of negative self-bias potential of the substrate caused by HF diode effect was 2 -3 kV. Deposition parameters are given in Table 1 . To investigate the elemental composition of coatings, methods of secondary ion mass spectrometry (SIMS), SAJW-05 spectrometer with quadrupole mass analyzer QMA-410 Balzers and glow discharge mass spectrometry (GD-MS), SMWJ-01 spectrometer with quadrupole mass analyzer SRS-300 were applied (Warsaw, Poland) [12, 13] . For obtaining of complete information about the elemental composition of coatings the scheme of Rutherford backscattering (RBS) on He + ions with an energy of 1.3 MeV (scattering angle θ = 170˚, for normal incidence of probing ions on the samples, the energy resolution of the detector 16 keV) was used. Dose of helium ions was 5 µC. For interpretation of RBS spectra the standard (international) program [4] of element profiles in depth measurement was used. To provide the elemental analysis a different accelerator (RBS) with He + ions with energies of 1.7 MeV was used. The program used for interpreting of spectra was SIM-NRA [5] (Dresden, Germany). A scanning electron microscope JEOL-7000F with microanalysis EDS (Japan) and transmission electron microscope JEOL 2010 F was also used for structure analysis of coatings. For the analysis of vacancy-type defects in the coatings slow positrons microbeam (Halle, Germany) was applied. Using this method the so called S-parameter was measured as a function of the incident positrons beam energy (1 -20 keV) with the depth of analysis from a few nm to 2.1 µm [8] [9] [10] .
Investigation of mechanical characteristics of the layers was carried by nanoindentation on the device Nanoindenter G200 (MES Systems, USA) with a three-sided Berkovich diamond pyramid with a radius of blunting the apex of about 20 nm. The accuracy of the depth measurement is ±0.4 nm. To reduce the influence of substrate on the measured hardness of samples, the indentation was carried out to a depth of 200 nm. In this case, the prints were applied at 15 µm apart. At least 5 measurements using continuous stiffness monitoring module CMA (continuous stiffness measurement) were made on each sample. Depth of the indentation was much less than 1/10 of the coating-films thickness [3] . Analysis of the load curve is made by the method of Oliver and Fahrr. X-ray diffraction analysis of nanos tructured films was carried out on two set-ups: DRON-4 (Russian Federation) and X'Pert PANalitical (Holland). The step size is 0.05˚, displacement speed is 0.05˚, U = 40 kV, I = 40 mA, the cathode-copper. Cross-sections of the system "coating-substrate" were prepared by an ion beam. On these crosssections the morphology, structure and elemental composition of coatings were analyzed.
Friction test by "finger-surface" method were held at the TAU-1M tribometer under dry friction conditions. The friction coefficient and wear resistance of films were determined by the reciprocating sliding, performed at room temperature (22˚C ± 1˚C) and relative humidity of 80% ± 5%. Velocity of the plate and the sample was 4 mm/s, rounded indenter radius of curvature of 0.5 mm was made of hard metal VK8 (hardness of 87.5 HRC), the load on the indenter was 1 N. To determine the adhesive/cohesive strength, scratch resistance, and also to study the fraction mechanism the scratch tester RE-VETEST see (CSM Instruments) [6] was used (Figure 1) . The scratches were applied to the coating surface at continuously increasing load by diamond spherical indenter "Rockwell C" with a radius of curvature of 200 µm. Simultaneously the power of acoustic emission, friction coefficient and the penetration depth of the indenter and the value of the normal load (F N ) were recorded. Three scratches were applied to each sample.
Tests were carried out under the following conditions: the load on the indenter increased from 0.9 to 70 N, speed of the indenter movement was 1 mm/min, scratch length −10 mm, the loading rate −6.91 N/min, the frequency of a digital signal 60 Hz, acoustic emission 9 Db. Tests determined the minimum (critical) load L C1 which corresponds to the beginning of the indenter penetration into the coating; L C2 -top when the first cracks appear; L C3 -the peel of some parts of coating; L C4 -plas- 
Experimental Results and Discussion
Before turning to the analysis of X-ray data, it should be noted that, for understanding of the sequence of processes occurring in the surface region during the deposition, it is necessary to compare the heat of formation of possible nitrides. In accordance with [7] ΔH298 (HfN) = −369.3 kJ/mol, ΔH298 (TiN) = −336.6 kJ/mol, ΔH298 (Si 3 N 4 ) = −738.1 kJ/mol. It means that the heat of formation of all systems is a relatively large and negative, indicating that there is a high probability of the formation of such systems through the transfer of material from the target to the substrate. In this case, the proximity of the values of the heat of formation of TiN and HfN creates conditions for the formation of sufficiently homogeneous solid solution (Ti, Hf)N.
Since the X-ray study indeed revealed the formation of this particular two-phase system (because the diffraction peaks of this phase are between peaks from mononitrides TiN (JCPDS 38-1420) and HfN (JCPDS 33-0592)), so we identified this phase as a substitutional solid solution (Ti, Hf)N, and the diffused peaks of low intensity, which are present in the diffraction spectrum in the angular range of 2θ = 40˚ -60˚, are apparently, related to the spectrum peaks of the second α-Si 3 N 4 phase (Figure 2 , curve 3). Conditions of formation of nanocomposite coating Ti-Hf-Si-N lead to significant lattice strain of the crystallites, so in the coating the compressive stresses are occurring. Diffraction patterns shown in Figure 2 (curve 1 and 2), obtained by the separation of the ion-plasma flow, illustrate the definition of a crystal lattice deformation in samples series 3. In this case, we analyzed by imposing of lines in oblique mode (spectra), and determined that for the samples series 3 (curve 1) the deformation <Σ> = −1.9% (lattice parameter a = 0.4305 nm) and for the sample 11 of series 3 (curve 2) the deformation is <Σ> = −1.6% (the lattice parameter a = 0.4303 nm). Data analysis of X-ray diffraction show that the coating obtained from the target of the same composition are very different by the characteristic structural features, depending on the separation or non-separation (jet) beam. The results of this analysis are shown in Table 2 . Figure 3 shows that in the jet mode of the plasma flow without separation the non-textured polycrystalline coatings with sufficiently high relative intensity of the peaks (the latter, at a comparable coating thickness indicates a relatively high content in solid solution Hf, having a large reflectivity compared to Ti) are formed.
During the process of beam separation the produced (deposited) coatings are differently textured. In case of supplying the substrate by low potential (−100V) we get a texture with the [110] . Thus the structure of the coating is composed of textured and non-textured crystallites. The volume content of textured crystallites is about 40% of the total, and the lattice constant in comparison to nontextured crystallites increases. The most likely reason for this increase may be a non-uniform distribution of hafnium atoms in the coating with their primary content in the lattice of textured crystallites. Herewith the texturing leads to increase of the average crystallite size in the direction of the film-forming particles deposition (perpendicular to the growing surface). For example, in the fraction of non-textured crystallites their average size is 6.7 nm, while in the fraction of textured crystallites the size is much higher and is 10.6 nm. This type of coating is characterized by the highest value of nanohardness (see Table 2 ). In case of rising voltage up to −200 V and use of scheme with separation during the deposition, the coating are formed with reduced average crystallite size (to 5.0 nm) and the fraction of textured crystallites (less than 20 vol%) is also significantly reduced. Herewith, the axis texture is oriented as [001] . It should also be noted that the rising of accelerating voltage from −100 to −200 V (i.e. increasing energy of the plasma flow) leads to formation of textured factions with the same value of the spatial period. However, the magnitude of the lattice in this case exceeds a period of non-textured fraction formed when applying a low potential to the substrate and is 0.4337 nm. This is the period, assuming Vegard rule for solid solutions, corresponds to the content of 33 at% Hf in a metallic solid solution (Hf, Ti) of nitride phase (in the calculation the tabulated values of periods are used), TiN = 0.424173 nm (JCPDS 38-1420) and HfN = 0.452534 nm (JCPDS 33-0592) [3, 15] .
As it is known, the action of compressive stresses in the coating result in a reduction of the angle of the diffraction peak detected during the diffraction shooting by scheme θ -2θ, and the corresponding calculation leads to an overestimation of the value of the period, i.e. to the overstate of the value of the Hf concentration in solid solution (the error may be 5 -10 at%). Therefore, the calculations made here can give the information only about the upper limit of the concentration of Hf in solid solution. All of the above refer to the samples obtained at the typical pressure in the chamber 0.6 -0.7 Pa during deposition process. In the case of reduction of pressure to 0.3 Pa, carried in the separation mode with a voltage of 200 V (series 1, No 31), an increase of the relative content of the heavier atoms of Hf in the coating is observed. In addition, during the reduction of pressure, the average size of the growing crystallites also decreases. The effects observed in this case can be associated with an increase in the radiation factor at low operating pressures. Indeed, lowering of the operating pressure must be accompanied by decrease of the probability of loss of energy by collisions atoms in the "target-substrate" gap. Thus, maintaining a relatively high energy of deposition, the film-forming atoms on the substrate stimulate the processes of secondary sputtering and radiation defectforming, which in first case leads to increase of the relative content of Hf atoms in the coating, and in the second case to increase of the nuclei number and, consequently, to the decrease of the average crystallite size in the coating. In the coatings obtained under a characteristic pressure 0.6 -0.7 Pa in the absence of beam separation (in ramjet mode) a higher value of the lattice parameters are realized, which is determined by increasing content of Hf atoms (see Tables 1 and 2 ) [3] . Apparently, more intensive jet mode of deposition leads to decrease of the average crystallite size, the cause of which is the increasing density of nucleation at a time. In addition, to a more pronounced effect of reducing of the crystallites size can lead the use of a larger voltage (-200 V), which is natural, since the increase of the radiation factor promotes the dispersion structure [19] . Figure 3 presents the results obtained from the RBS investigation of the elemental composition of the superhard nanostructured Ti-Hf-Si-N films. It can be seen from this figure that, for the first series of samples with coatings (Figure 4, curve 1) , the composition of the TiHf-Si-N films is described by the formula (Ti 37 Hf 9 Si 8 ) N 46 .
The concentration distribution profiles of elements over the depth of the Ti-Hf-Si-N coating, which correspond to the RBS spectra (Figure 4) , are calculated under the assumption that the atomic density of the layer is close to the atomic density of titanium nitride.
It is well known that Rutherford backscattering is a reference method for determining the concentration of elements with a large atomic number, as well as for determining the thickness of the films.
Furthermore, it is a nondestructive method, and this property is its advantage. At the same time, secondary ion mass spectrometry is a more sensitive method of analysis (the detection limit is ~10 −6 at%) ( Figure 5 ). Therefore, a comparison of the results obtained using the RBS, SIMS, and glow discharge mass spectrometry (GDMS) methods provides a more realistic picture of the distribution of the elemental composition of the coating over the depth of the layer. This has made it possible to analyze the composition of the film as a whole over the depth from the film surface to the film substrate interface, including the determination of concentrations of oxygen and carbon uncontrollable impurities, which come from the residual atmosphere in the working chamber. Figure  1(a) is the integral information from the area of 2 × 2 mm, and Figure 1(b) shows information about local analysis.
As can be seen from these spectra, there is no particular difference between them, which witnesses about the uniform distribution of the elements in depth of coating.
The results of tests on the sample of series No. 23 with the use of the REVETEST scratch tester are presented in Figure 7 (a). It should be noted that, as the load on the indenter increases, the dependence of the friction coefficient on the load becomes oscillatory in character: an increase in the friction coefficient is accompanied by a sudden burst of acoustic emission and a retardation of penetration of the indenter into the material. This behavior of all the measured parameters indicates that the hard coating with a thickness of larger than 1 µm on the surface of a softer material exhibits a significant resistance to the diamond indenter until it is completely abraded under large loads [17] .
When testing the coating, we can clearly identified threshold values of the critical load, which lead to different types of fracture. The fracture of the coating begins with the emergence of individual chevron cracks at the bottom of the wear groove, which is responsible for the increase in local stresses and friction force. This leads to a rapid wear of the coating (Figure 7(b) ).
In this work, two main critical loads were determined from the changes in the curves of the dependences of the friction coefficient and acoustic emission on the scribing load (Figure 7(a) ). The first critical load corresponds to the onset of cohesive failure of the coating, whereas the second critical load corresponds to the plastic wear of the coating (adhesive failure). According to the results of adhesion tests, we can argue that the cohesive failure of the sample of series No. 23 occurs at a load of 2.38 N, and its adhesive failure, at a load of 9.81 N. Figure 8 shows the dependence of S-parameters from energy of the incident positron micro beam. Presented profiles of vacancy-type defects in the coatings depth (Series 2 (a) and Series 3 (b)), significantly differ by stoichiometry (content) of elements, and by the phase composition (Figure 3) . It is seen from the figure, where the behavior of the curves differ markedly, that in the case of samples series 2 we have a two-phase system consisting of a-Si 3 N 4 and (Ti, Hf)N. Namely, a two-phase coating is characterized by two peaks (increase S-parameter) in the region of 10 keV and then in the region of 20 keV (near the coating-substrate interface). In the case of samples Series 3, we have a single-phase solid solution of (Ti, Hf)N and the S-parameter value is rather high -0.492 and after reaching the film-substrate interface begins to decrease to value of 0.476 [9] [10] [11] [12] . (Table 1) has the greatest wear resistance. Accordingly, the degree of wear resistance decreases with increasing of Hf content in the solid solution (Figures 7(b) and (c)) .
Destruction of the coating begins with the appearance of individual chevron cracks at the bottom of the wear groove, resulting in the increase of the local stress and friction. This leads to rapid subsequent abrasion of coating.
According to the results of adhesive tests of coating 23, cohesive destruction occurs at the minimum (critical) 
Conclusions
New superhard nanostructured coatings (films) based on Ti-Hf-Si-N with high physical and mechanical characteristics and different stoichiome-tries (depending on the deposition conditions) have been fabricated. It has been found that a decrease in the size of nc-(Ti, Hf)N nanograins from 6.7 to 5.0 nm and the formation of the α-Si 3 N 4 phase (in the form of an amorphous or quasi-amorphous interlayer between the nanograins) result in an increase in the nanohard-ness from 42.7 to 48.4 ± 1.4 GPa. It has been established that, with an increase in the accelerating voltage to -200 V (separated and non-separated beams) during the deposition, the coatings with a smaller average crystallite size (up to 5.0 nm) are formed on the sub strate. An increase in the accelerating voltage from -100 to -200 V leads to the same value of the lattice parameter for both the textured and non-textured factions. In the case where the pressure decreases to 0.3 Pa, the relative content of Hf atoms in the coating increases and the average size of growing crystallites decreases.
Thus, the adhesion and tribological tests have made it possible to determine the adhesive strength, friction coefficient, and deformation characteristics of the Ti-Hf-Si-N coatings on the steel substrate. Based on measurements of different physical parameters during the adhesion tests, the processes of elastic and plastic deformations in the coating/substrate system have been described, and the threshold values of the critical load leading to different (cohesive and adhesive) types of failure of the coatings have been determined. The synthesized coatings have high values of the hardness, wear resistance, and adhesion to the substrate and low values of the modulus of elasticity and friction coefficient, which makes them promising thin-film materials for the use in mechanical engineering.
